Abstract Oxidative stress contributes to the pathophysiology of type 2 diabetes mellitus and its complications, including nephropathy. The current study was designed to test the hypothesis that a diet fortified with antioxidants would be beneficial to delay or prevent the progression of this disease. Male and female Zucker fa/fa rats were fed a control or an antioxidant (AO)-fortified diet starting at 4 weeks of age. Metabolic parameters, renal function, and renal histopathology were analyzed at 6, 13, and 20 weeks of age. Females on the AO diet had significantly lower blood glucose at 6 and 13 weeks, less severe renal pathology at 20 weeks, and higher glomerular filtration rates (GFR) at 20 weeks than age-matched females on the regular diet (P \ 0.05). Metabolic parameters including blood glucose, insulin resistance, and serum cholesterol, and mean arterial pressure (MAP), worsened with age in both males and females, as expected. GFR decreased and renal pathology also became more severe with age. Finally, females on the AO diet had higher GFRs and lower MAP at 20 weeks than males on the same diet. This may denote a protective effect of the AO diet in females, but not in males. These findings may have implications for the role of antioxidants as therapy in humans with T2DM.
Introduction
Currently, the incidence of type 1 diabetes mellitus (T1DM), remains fairly stable, but type 2 diabetes (T2DM) which accounts for approximately 95% of cases of diabetes [1] and exhibits a worldwide prevalence of 150 million, is predicted to increase to 300 million by 2025. In 2006, diabetes accounted for close to 50% of incident end stage renal disease patients in the USA, and in 2004, that number was 40% or greater in six of the 32 regions worldwide for which data are available [2] .
We are using the obese Zucker rat (fa/fa) as a model animal that is genetically programmed to develop T2DM with obesity. This rat model has a genetic mutation in the leptin receptor. The Zucker fa/fa diabetic rat develops obesity, insulin resistance, hyperglycemia, hyperlipidemia, and associated nephropathy. We are beginning dietary intervention at 4 weeks of age before the appearance of overt diabetes. The male fa/fa rat exhibits hyperinsulinemia and hyperlipidemia as early as 4-6 weeks of age [2, 3] . By 6 weeks of age, the oral glucose tolerance test is abnormal in the obese fa/fa rat compared with its lean littermates, Fa/Fa or Fa/fa [4] . Urinary albumin excretion is elevated by 12 weeks [5] . Basal hyperglycemia is evident by 13-14 weeks [2, 4] . At this time glomerular basement membrane width is significantly greater than in age-matched lean controls. People with diabetes get mesangial expansion in their kidneys, called diffuse intercapillary diabetic glomerulosclerosis. In rats the corresponding lesion is focal and segmental glomerulosclerosis [6] . Focal and segmental glomerulosclerosis can be seen at 18 weeks in the obese Zucker rat [2, 7] .
Controversy exists over whether there are gender differences in severity of the disease in both rats and humans, with some studies showing that males are more affected while others demonstrate that females are more affected [8] [9] [10] [11] [12] [13] [14] , and the impact of gender on diabetic nephropathy in humans remains controversial. Obese men have a higher incidence of diabetes than do obese women [15] . Gender may also affect the prevalence of T2DM-related nephropathy, with a higher prevalence in men. According to the European Diabetes and Transplant Association statistics, the percentage of patients with end stage renal disease (ESRD) who are men ranges from 56.5% to 67.5% while women comprise 32.5% to 44.4% [16] . This may indicate a greater susceptibility to renal injury in males than in females, differences in treatment, or other factors.
Several factors that affect the development of nephropathy in T2DM in humans also may play a role in the Zucker rat, including metabolic changes of hyperglycemia, insulin resistance, and dyslipidemia [17] . Diabetic nephropathy is also associated with oxidative stress and changes in renal nitric oxide (NO) production [18] , which leads to endothelial dysfunction and decreased renal perfusion. Circulating levels of nitrite and nitrate (NOx) are increased in patients with T2DM and obese subjects compared with lean, healthy individuals [19] . In addition, alterations in nitric oxide (NO) production and utilization can result in NO interaction with O 2 -to become peroxynitrite, which causes cytotoxicity [20] . Hypertension associated with oxidative stress may further aggravate the glomerular dysfunction [21] .
Results of treatment of human diabetes with antioxidants (AOs) in the diet have been encouraging but variable [22] . However, oxidative imbalance may start well before there is evidence of overt nephropathy and some studies have shown a benefit of AOs on glycemic control and the development of diabetic vascular complications [22, 23] . When AOs are started on the day of streptozotocin induction of T1DM in rats, renal function is preserved [24] , and early treatment with vitamins C and E plus insulin has been shown to significantly lower blood glucose in this rat model [25] . Therefore it is important to attempt to develop a dietary AO therapy that will work in T2DM as well. Supplementation with AOs and factors essential to nitric oxide (NO) production may have the potential to improve endothelial dysfunction and renal perfusion in T2DM [26] .
Our strategy was to begin AO therapy at an age prior to the appearance of renal dysfunction, to see if early intervention also works in type 2 diabetes. We evaluated renal structure and function as well as associated metabolic factors including blood glucose and insulin, mean arterial pressure, urinary albumin, and NO levels. We compared males and females to evaluate the effects of gender and interaction of gender and diet. All measures were done at 6, 13, and 20 weeks of age to test if gender or diet altered the time course of development of metabolic or renal dysfunctions.
Materials and methods

Animal groups
All experiments were performed with the approval of the Animal Care and Use Committee of Ohio University. Zucker rats were obtained from Harlan-Sprague Dawley (Indianapolis, IN) at 4 weeks of age, housed under controlled conditions of lighting, temperature, and humidity, and fed ad libitum a constant nutrition diet (rat diet 5012) or an AO-fortified diet (Purina Mills, Inc, St. Louis, MO, USA). A total of 115 animals (Column 5, Table 1 ) contributed to the study. Food intake was monitored and the amount of food ingested per day did not differ between regular and AO diets (data not shown). The AO-fortified diet was designed to incorporate a number of substances that could act as AOs and fortify oxidative stress-reducing enzymes [23, 27] and consisted of rat chow containing 160 IU a-tocopherol/kg food, 1.4 ppm selenium, 150 ppm zinc, 60 ppm copper, 150 ppm manganese, and 21.5 ppm b-carotene per kg food, and ascorbic acid-fortified water, 1000 U/l. This diet was designed in consultation with the dieticians at Purina Mills with special attention to avoidance of any known toxicities. The control diet 5012 consisted of regular rat chow containing 32 IU a-tocopherol, 0.23 ppm selenium, 71 ppm zinc, 12 ppm copper, 69 ppm manganese, and 4.3 ppm b-carotene per kg food, and water. We compared obese (fa/fa) male and female littermates at three time points, at 6 weeks of age when hyperglycemia has been reported to be present, at 13 weeks of age when hyperinsulinemia has developed, and at 20 weeks of age when nephropathy has been reported to develop [2, 4] .
Fa genotype determination
Genomic DNA was isolated from rat livers obtained at the time of euthanasia, using the Qiagen isolation system for animal tissues. The following primers were used to amplify products from 100 ng genomic DNA: 5 0 -GTT TGC GTA TGG AAG TCA CAG-3 0 and 5 0 -ACC AGC AGA GAT GTA TCC GAG-3 0 [28] , with a PCR protocol of 32 cycles at 92°C for 30 s, 64°C for 1 min and 68°C for 3 min. PCR products were digested with Msp I, which distinguishes the Fa (two fragments of 1100 and 700 bp) from the fa allele (three fragments of 950, 700, and 130 bp) [28] , and analyzed by 2% agarose gel electrophoresis.
Experimental measures
At each time point, the following parameters were measured: body weight; kidney weight; mean arterial pressure (MAP); glomerular filtration rate (GFR) using iohexol 
Metabolic parameters
Blood glucose was measured using the One Touch Lifescan glucometer (Johnson and Johnson). Insulin was measured using a solid phase two site enzyme immunoassay (Rat Insulin EIA, ALPCO). Serum creatinine and total cholesterol were determined using the Jaffe' reaction (Cayman Chemical Co, USA) and an enzymatic colorimetric assay (Wako Chemicals, USA), respectively. Albumin was measured by enzyme immunoassay (SpiBio, France). The Homeostasis Model Assessment (HOMA), an index of insulin resistance, was calculated as glucose (mM) 9 insulin (lU/ml)/22.5 [17] . NO was measured using the Apollo 4000 electrochemical NO/free radical analyzer (World Precision Instruments, Inc.) [29] . A standard ISO-NOP007 sensor, 7 lm in diameter, was used to measure NO in the urine [30] . Urinary NO/creatinine (NO/Cr) and albumin/creatinine (Alb/Cr) ratios were also calculated [31, 32] .
Renal histology
Sixty-seven representative renal tissue samples from different groups were studied by light microscopy to assess the renal injury for each group. The kidneys were dissected, sectioned longitudinally, fixed in 10% buffered formalin overnight, and embedded in paraffin. Each sample was cut into 4 lm thick sections and stained with hematoxylin and eosin (H&E), periodic acid Schiff (PAS), and Masson's trichrome stain. Severity of nephropathy was determined according to the degree of glomerulosclerosis and tubulointerstitial damage. Glomerulosclerosis was graded from 1 to 4 according to Li et al. [32] . Fifty glomeruli per animal were observed at 2009 magnification. Briefly, severity of glomerulosclerosis was evaluated by determining segmental increases in PAS-stained material within glomerular matrix, and collapse and obliteration of the capillary lumen with or without adhesion to Bowman's capsule. Interstitial damage and fibrosis were scored semiquantitatively from 0 to 3 according to Pichler et al. [33] . Interstitial damage was determined according to inflammatory cell infiltration, fibrosis, tubular dilation, and/ or atrophy and graded as follows: Score 0: normal interstitium and tubules, Score 1: mild changes, Score 2: moderate changes, and Score 3: severe changes. The score was determined at 2009 in 30 fields for each animal in the cortex. All histologic and morphometric determinations were performed blindly without knowledge of the experimental group by the same observer.
Statistical analysis GFR, GFR/g kidney weight (GFR/g KW), MAP, blood glucose, serum creatinine, cholesterol, insulin, HOMA, urinary NO, creatinine, NO/Cr ratio, albumin, Alb/Cr ratio, body weight, and kidney weight were compared between groups using factorial analysis of variance with main effects for diet (regular or AO), gender (male or female), and age (6, 13 or 20 weeks) and their interaction [34] .
Overall correlations between measures were analyzed by both Spearman and Pearson methods. The 0.05 level of probability was used as the criterion of significance.
Results
Genotype analysis
All obese rats were confirmed to have the fa/fa genotype ( Fig. 1 ), which is characterized by three Msp 1 restriction enzyme digestion products from the 1800 bp PCR product. Wild type (Fa) alleles have two bands of 1100 and 700 bp [28] .
Effects of age on systemic and metabolic parameters and renal excretory function
As shown in Table 1 , body weight increased in both males and females on both the regular and AO diets from 6 to 13 weeks and between 13 and 20 weeks of age (P \ 0.05). Kidney weights increased in both males and females on both the regular and AO diets between 6 and 13 weeks and between 13 and 20 weeks. These differences were significant (P \ 0.05) in all groups except females on the regular diet between 6 and 13 weeks and males on the AO diet between 13 and 20 weeks. There was a significant difference in GFR in males on the regular diet between 6 and 13 weeks and between 13 and 20 weeks with the 13 week values being lower than either 6 or 20 weeks. There was a significant decrease in GFR/gKW (Fig. 2) in males on the regular diet between 6 and 13 weeks and in females on the regular diet between 6 or 13 and 20 weeks. Males on the AO diet had lower GFR/gKW at 20 weeks than at 13 weeks; this decrease was not seen in females on the AO diet. There were no significant differences in serum creatinine with age in any group. Overall, MAP (Fig. 3 ) increased with age. It was significantly higher (P \ 0.05) in females on the regular diet at 13 and 20 weeks than at 6 weeks, and also at 20 versus 13 weeks. In males or females on the AO diet, MAP increased significantly at both 13 and 20 weeks compared to 6 weeks of age (P \ 0.05). Blood glucose (Fig. 4) increased in females on the regular diet at 13 weeks compared with either 6 or 20 weeks (P \ 0.05). Blood glucose increased significantly in females on the AO diet between 6 and 20 weeks (P \ 0.05). Insulin levels (Table 1) increased with age in males on either the regular diet or AO diet; levels were significantly higher at 13 and 20 weeks than at 6 weeks.
HOMA (Fig. 5 ) increased with age in both males and females on either the regular or AO diet. This difference was significant in males on the regular or AO diet and in females on the AO diet between 6 and 20 weeks, and in females on the regular diet and males on the AO diet between 6 and 13 weeks (P \ 0.05). Cholesterol (Table 1) also increased progressively with age and was higher at 20 weeks than at 6 weeks in males on either the regular or AO diet. It was also higher at 20 weeks than at 13 weeks in females on either the regular or AO diet and in males on the AO diet. As shown in Table 2 , males and females on the regular diet had a significant increase in urine creatinine between 6 and 20 weeks. Males on the AO diet showed a significant rise in urine creatinine at both 13 and 20 weeks compared to 6 weeks. Urinary NO showed little change with age. The only group to show a change was the males on the regular diet at 13 weeks, where the values were significantly lower than at 6 or 20 weeks. The changes observed in the NO/Cr ratios paralleled those for NO. Males at either 6 or 13 weeks on the regular diet had significantly lower urine albumin than males on the regular diet at 20 weeks of age. Females on the regular diet had lower urine albumin levels at 6 weeks compared to 20 weeks. The Alb/Cr ratios showed parallel differences between groups.
Effect of age on renal histopathology
Histopathological results are shown in Table 3 and Figs. 6 and 7. At 20 weeks all animals (100%) showed histological changes in the kidney compatible with diabetic nephropathy, including matrix mesangial expansion identifiable by PAS stain, basement membrane thickening, and nodular glomerular lesions. Also at 20 weeks more severe sclerosis and fibrosis could be seen (Figs. 6, 7, bottom row) . This demonstrates substantial pathology compared with the 6-week animals.
Gender differences in systemic and metabolic parameters and renal excretory function As shown in Table 1 , body weight increased progressively with age in males and females on both diets. At 13 weeks and at 20 weeks, males on either the regular or AO diet had significantly higher body weight than females on the same diet. Kidney weight was significantly higher at 13 weeks in males on the AO diet compared to females on the AO diet. At 20 weeks in animals on both the regular and the AO diets, kidney weight was higher in males than in females. There were no significant gender differences in GFR. However GFR/g KW (Fig. 2) was lower in males at 13 weeks on the regular diet than in females at 13 weeks on the same diet. At 20 weeks, GFR/g KW was significantly higher in females on the AO diet than in males on this diet.
Females on either diet and males on the AO diet were normotensive (MAP 70-130 mmHg) at 6 weeks (Fig. 3) . Females at 20 weeks on the AO diet had significantly lower MAP than males at 20 weeks on the same diet. No gender differences were observed in blood glucose or cholesterol (Fig. 4 and Table 1 ). There was only one gender difference in serum insulin (Table 1) . At 6 weeks, plasma insulin in males on the AO diet was significantly lower than in females on the same diet. The same difference was seen in HOMA (Fig. 5 ).
There were no significant gender differences observed for urine creatinine, urinary NO, NO/Cr ratio, urinary albumin, or Alb/Cr ratio ( Table 2 ).
Effect of gender on renal histopathology
Males showed slight morphological differences from females at the age of 6 weeks (Fig. 6 ). Females on both the regular and AO diets were less affected than males at 20 weeks (Fig. 6 and Table 3 ) with males showing more severe alteration than females in both glomerulosclerosis and tubulointerstitial damage.
Effects of AO diet on systemic and metabolic parameters and renal excretory function As seen in Table 1 , the body weights of males at 13 weeks on the AO diet were significantly lower than those of males on the regular diet. There were no effects of diet on kidney weight. GFR and GFR/g KW (Table 1, Fig. 2 ) were significantly lower in males at 13 weeks on the regular diet than in males on the AO diet. At 20 weeks females on the AO diet had significantly higher GFRs and GFR/g KW than females on the regular diet.
Blood glucose (Fig. 4) was significantly lower at 6 and 13 weeks of age in females on the AO diet compared to the regular diet. There was no effect of diet on serum creatinine (Table 1) , MAP, plasma insulin, HOMA, or cholesterol (Table 1; Figs. 3, 5) .
At 6 and 20 weeks males on the regular diet had lower urinary creatinine (Table 2 ) than males on the AO diet. At 13 weeks males on the regular diet had significantly lower urinary NO and NO/Cr ratio (Table 2 ) than on the AO diet. At 6 weeks of age females on the regular diet had lower urine albumin and Alb/Cr ratio (Table 2) than females on the AO diet, and at 13 weeks males on the regular diet had lower urine albumin than males on the AO diet.
Effect of diet on renal histopathology
Females had lower glomerular and tubulointerstitial scores on the AO diet than on the regular diet at 20 weeks (Table 3) .
Correlations
When the data are considered as a whole, several interesting correlations are apparent. MAP was positively correlated with blood glucose, insulin, and HOMA (P \ 0.05). Interestingly, Alb/Cr ratio also correlated positively with insulin and HOMA, while urinary NO showed a negative correlation with insulin and HOMA.
As the animals age and the diabetes progresses, both insulin resistance and blood pressure become more severe. Also, as insulin resistance worsens and renal damage becomes more apparent, urinary albumin increases. The negative correlation between insulin resistance and urinary NO may reflect the advancing disruption of NOS activity and decreasing NO bioavailability as hyperglycemia worsens and oxidative imbalance ensues.
Discussion
The obese Zucker rat (fa/fa) as a model of T2DM and the metabolic syndrome (MetS)
The obese Zucker rat has been used as a model of T2DM for almost 40 years. These rats spontaneously develop a type of diabetes with a sequence of events that parallel those hypothesized to result in T2DM in humans [22] including significant weight gain [35] , hypertension, and hyperglycemia [36] . They also develop nephropathy with proteinuria [3] and decreased creatinine clearance [37] . By 40 weeks of age, the obese male fa/fa rat exhibits frank proteinuria and severe tubulointerstitial damage [2] . We found fasting hyperglycemia at 6 weeks, decreases in GFR by 13 weeks, and abnormalities in renal glomeruli and tubules as early as 20 weeks. The MetS is defined in humans as obesity accompanied by two of the following additional features: hypertryglyceridemia, reduced HDL cholesterol, hypertension, and fasting hyperglycemia [38] . The fa/fa obese Zucker rat shows elevated basal blood glucose, MAP, and triglycerides and is thus a good model for MetS. We found increases in MAP at 13 and 20 weeks and increased insulin resistance by 13 weeks as well.
Gender differences in development of diabetic nephropathy
Gender differences in diabetes and diabetic nephropathy have been described, with some studies finding that females were affected more than males. Albuminuria, which is predictive of development of nephropathy and ESRD, may be more common in female diabetics [8] and female gender has been shown to hasten the decline of renal function in T2DM [9] . Diabetic women have an excess cardiovascular disease risk, possibly due to a decrease in estrogen levels that occurs with insulin resistance [10] . In addition, in experimental models of renal diseases associated with hypertriglyceridemia, estrogen accelerates progressive renal injury by further elevating triglyceride levels [11] and estrogen has been shown to exacerbate albuminuria and renal pathology in female Zucker rats [12, 13] . However, other studies have shown a worse prognosis for nephropathy in T2DM in males while others have shown no difference between males and females [14] . The role of gender in diabetic nephropathy may be different from that in other forms of chronic renal disease where, overall, men have a higher incidence and prevalence of ESRD [39] . Male rats have been shown to be more sensitive to NOS inhibition resulting in proteinuria [40] . We found an overall positive correlation between insulin resistance and urine Alb/Cr ratios and a negative correlation between insulin resistance and urinary NO, but no gender difference.
However, gender differences were found in GFR/g KW, MAP, insulin, HOMA, and renal histopathology. The GFR/g KW was lower in males than females at 13 weeks sections from a male at 6 weeks on the regular diet show both glomerulus and interstitium are almost normal. A slight PAS staining is beginning to appear in the glomeruli. Row 3: sections from a female at 20 weeks on the regular diet showing severe glomerulosclerosis, with strong PAS reactivity in the mesangial areas. PASstained material within the glomerular matrix is seen in more than 50% of the glomerulus and adhesion to Bowman's capsule has occurred 3B. The trichrome stain reveals fibrosis in the interstitium (Score 3) and in the glomerulus itself (blue stain; 3C). Magnification 4009, bar = 20 lm on the regular diet and at 20 weeks on the AO diet. MAP was higher in males on the AO diet than in females on the same diet at 20 weeks. This finding corresponds with better preservation of GFR in the females. In addition, at 20 weeks the renal pathologies were worse in males than in females. It has been shown by others that renal dysfunction is associated with increased MAP [41] , and hypertension is one factor that aggravates glomerular dysfunction in Wistar fatty rats [21] . We also observed a gender difference in insulin levels and HOMA at 6 weeks with lower values in males. The very low HOMA in males at 6 weeks on the AO diet appears to be a result of the very low insulin levels in this group. In males between 6 and 20 weeks, insulin increased while blood glucose remained fairly stable. In females, insulin remained stable while blood glucose increased. This could imply that insulin secretion is better upregulated in the male Zucker rat than in the female, in response to hyperglycemia. It may also be due to the fact that insulin secretion is already maximal in the females as their insulin levels are uniformly higher in all age groups. The insulin levels determined in our study are consistent with those reported by others [2, 42] .
We found gender differences in renal histopathology at 6 and 20 weeks with males being more severely affected. Additional gender differences have been described in the Zucker diabetic rat and several of these have been shown to be modified by gonadectomy or steroid treatment. These include a difference in vascular systemic endothelial and renal microvascular reactivity [36] , lower levels of renin activity in females [42] , differences in cholecystokinin mediation of food intake [43] , differences in levels of hypothalamic neurotransmitters [44] and glucose sensing [45] . The mechanistic links between these earlier observations and the present ones remain to be elucidated.
Role of oxidative stress and effect of AOs on the development of diabetes and diabetic nephropathy Oxidative stress contributes to the pathophysiology of T2DM [46] and the development of complications, including nephropathy [47, 48] . Diabetes is characterized both by a chronic, growing increase in oxidative stressfavoring stimuli and by a progressive decrease in the efficacy of the AO system [27, 49] . Giving a pro-oxidant challenge to the obese male Zucker rat provokes the onset of diabetes [50] . This is accompanied by endothelial dysfunction and impaired vascular NO signaling [51] . Under hyperglycemic conditions, there is enhanced metabolism of glucose through the sorbitol pathway, with augmented production of superoxide (O 2 -) radicals. In the presence of O 2 -radicals, NO is quenched to form peroxynitrite ion. (ONOO -), which is a potent oxidant molecule that uncouples iNOS by oxidizing its cofactor, tetrahydrobiopterin. This results in increased levels of superoxide at the expense of NO. Exposure to peroxynitrite during hyperglycemia also produces an uncoupled state of endothelial NOS (eNOS) [52, 53] , which causes eNOS to produce O 2 , further increasing cellular oxidative stress and decreasing NO availability [23] . Likewise, nNOS is also uncoupled by reactive oxygen species, including O 2 -and ONOO - [54] . These changes can lead to endothelial dysfunction [55] and local vasoconstriction by unopposed vasoconstrictors including angiotensin II and endothelin-1. The resulting decrease in perfusion can, in turn, lead to cellular damage and renal dysfunction.
Oxidative products also affect mitochondrial function in endothelial cells [48] . Hyperglycemia increases the inner mitochondrial membrane proton gradient as a result of overproduction of electron donors by the tricarboxylic acid cycle. This in turn causes increased production of O 2 -by endothelial cells [23] . High glucose-induced reactive oxygen species (ROS) activate signal transduction cascades and transcription factors, leading to upregulation of genes and proteins involved in extracellular matrix remodeling in the kidney [48] . In particular, activation of the transcription factor nuclear factor kappa B (NF-jB) has been linked to the development of late diabetic complications. NF-jB enhances NO production [47] , which in the presence of superoxide overproduction, favors the formation of peroxynitrite, which again avidly oxidizes tetrahydrobiopterin, this time uncoupling iNOS. Normalizing levels of mitochondrial ROS reduces levels of a number of markers of oxidative stress, including glucose-induced activation of protein kinase C, formation of advanced glycation end products, sorbitol accumulation, and activation of NF-jB in endothelial cells.
Given the role of oxidation products in the development of diabetes, dietary AOs may prove beneficial in preventing the progression of its complications. It is now clear that a single dietary AO will not be sufficient for prevention of diabetic complications [47, 56, 57] . Both vitamins and minerals that are known AOs can be added to the diet. We designed an AO-fortified diet in consultation with a rodent diet specialist, to avoid any toxicity. Vitamins E, C, and b-carotene, zinc, selenium, copper, and manganese were added to the diet. Using this combination of AOs, we found a protective effect in females on GFR/g KW and renal histopathology at 20 weeks of age and on GFR/g KW in males at 13 weeks of age. There was also improvement in blood glucose in females at 6 and 13 weeks of age, which was no longer the case at 20 weeks. In females, the early improvement in blood glucose may have resulted in the subsequent beneficial effects on renal function and histopathology.
A number of clinical studies have shown that Vitamins C and E increase insulin sensitivity in patients with insulin resistance or T2DM [58] . Vitamin E has a major biological role in protecting lipids and other components of cell membranes from oxidation by free radicals. However, it has no effect on other consequences of O 2 -such as changes in NO bioavailability and increased nitrotyrosine [52] . The beneficial effect of Vitamin C or ascorbate, on the other hand, is most likely due to its capacity to scavenge reactive oxygen and reactive nitrogen species, conserving intracellular glutathione and potentiating intracellular NO synthesis [23] . Many carotenoids have AO functions, but b-carotene is particularly effective at scavenging singlet oxygen. It is also effective at low partial pressures of oxygen and therefore may be important at the physiological oxygen tensions in tissues [59] . A diet supplemented with Vitamins C, E, and b-carotene has been shown to reverse diabetes-related changes in AO status in kidneys of rats with streptozotocin-induced diabetes [24] . A diet supplemented with selenium and Vitamin E has been shown to decrease glycemia and delay hyperfiltration and renal lesions in streptozotocin-treated rats [60] . Parallel reductions in glycemia and renal pathology were seen in this study in female rats given these supplements. A large clinical trial, the HOPE study, showed no benefit of low dose Vitamin E supplementation on the risk of cardiovascular and renal disease in patients with diabetes [61] and a meta-analysis of 19 studies showed that high dose Vitamin E actually increased all-cause mortality risk [62] . However in the current study, AOs were started at a much earlier stage of the disease than is done in most clinical trials and a unique combination of low dose AOs was used.
Many enzymes are involved in the reduction of oxidative stress. A number of these enzymes are dependent upon metal ions to catalyze their activity. These include superoxide dismutase (SOD), phospholipid hydroperoxide glutathione peroxidase (PHGPx), and thioredoxin reductase 2 (TrxR2). Within the mitochondria, superoxide anions are converted to hydrogen peroxide (H 2 O 2 ) by Mn-SOD and later H 2 O 2 is cleared from the mitochondria by PHGPx [63] . Changes in these enzymes may contribute to oxidative stress in diabetes [64] and overexpression of these enzymes may reduce oxidative stress damage in renal and cardiovascular systems [65] . Cytoplasmic and mitochondrial superoxide dismutases require zinc, copper, and manganese to catalyze the removal of superoxide radicals (O 2 -) produced by the cell [59] . PHGPx and TrxR2 are selenium-containing proteins that are involved in the protection against mitochondria-mediated oxidative stress [66] . The selenocysteine residues in these enzymes are essential for their activity. Thus, a number of trace metals, including zinc, copper, manganese, and selenium, are required for optimal oxidative stress reduction. Inclusion of these trace metals in the AO-fortified diet in the present study may have contributed to its beneficial effects.
A number of observations suggest that the pathophysiological process of diabetes and diabetic complications starts long before diabetes is developed and is then further potentiated by increasing glycemia [27] . This may explain the mixed results of clinical trials of AOs on the progression of micro-and macrovascular disease, as dietary intervention is usually initiated well into the disease process. Initiating dietary AOs in our rat model as soon after weaning as possible may help explain the observed protective effects on blood glucose, MAP, renal pathology, and GFR in females.
In summary, an AO-fortified diet may modify the course of T2DM and affect males and females differently. This may be partially due to a gender difference in the production of oxidation products or in the kidney's response to them. Females on the AO diet had significantly lower blood glucose at 6 and 13 weeks, less severe renal pathology at 20 weeks, and higher GFRs at 20 weeks than age-matched females on the regular diet (P \ 0.05). Metabolic parameters including blood glucose, insulin resistance, and serum cholesterol, and MAP, worsened with age in both males and females, as expected. GFR decreased and renal pathology also became more severe with age. Finally, females on the AO diet had higher GFRs and lower MAP at 20 weeks than males on the same diet. This may denote a protective effect of the AO diet in females, but not in males. These findings may have implications for the role of AOs as therapy in humans with T2DM.
